ABSTRACT Edge detection via anisotropic average directional ratio (AADR) for synthetic aperture radar (SAR) images produces unwanted and fragmentized edge pixels due to the speckle noise and sporadic highlight pixels from isolated strong scatterers in real scenes. In this paper, a novel robust edge detector is developed for SAR images. Anisotropic morphological directional ratio (AMDR) is proposed to describe the intensity variation in SAR images by combining rotated biwindows and the weighted median filter (WMF). Then, multiplicative spatial and directional matched filters are presented to improve edge localization and direction estimation of the AMDR. Based on the enhanced AMDR, the edge strength map (ESM) and the edge direction map (EDM) are embedded into the route of Canny detector to extract thin edges. Moreover, an edge remedy processing is given to improve the connectivity of edges near junctions. Finally, performance comparison is conducted with the existing AADR-based detectors on synthetic and real SAR images using the receiver-operating-characteristic (ROC) curves, which shows that the proposed AMDR-based detector possesses evidently more robust ability to counteract sporadic isolated highlight pixels in SAR images than the existing AADR-based detectors do. Moreover, in the case without sporadic isolated highlight pixels, its performance is also comparable with those of existing competitive AADR-based ones.
I. INTRODUCTION
With increasingly important and massive application of synthetic aperture radar (SAR) images, edge detection of SAR images becomes a more and more active field in recent three decades. As one of the primary tasks in SAR image processing and understanding, edge detection plays a rather important role in sundry applications such as scene segmentation, coastline extraction, detection of sea ice or oil slick areas on sea surface, road network detection and etc. [1] - [6] . Moreover, the product of edge detection is often utilized as a guidance driving many sequent high-level tasks and highly affects their quality and efficiency. However, the corruption of multiplicative speckle impedes us to apply efficient edge detectors in optical images to SAR images [7] , [8] . On the other hand, high-level tasks in SAR image understanding often have quite different demands on edge detection. Therefore, it is meaningful to develop robust edge detectors for SAR images in specific application contexts.
Traditional edge detection methods of SAR images can be broadly grouped into three classes: ratio-based detection methods [9] - [12] , multiscale analysis methods [5] , [13] - [15] , and active contour model methods [5] , [16] , [17] . Multiscale analysis methods often enhance edge structures and reduce unwanted speckle, and then edge detection is performed on despeckled SAR images. Therefore, the results of multiscalebased methods highly depend on the underlying multiscale transforms. The active contour model methods can obtain closed boundaries of regions of interest for segmentation or objects of interest for object recognition by iteratively minimizing a well-defined energy function. This kind of methods are highly precise but computationally consuming. They are often used to realize a high-level task rather than drive a highlevel task. Unlike the two classes mentioned above, ratiobased edge detection methods are of low computational cost and constant false alarm rate (CFAR) with respect to scene reflectance. In the ratio-based methods, rotated triwindows or biwindows [1] , [9] - [12] are often constructed with flexible structures to compute edge strength map (ESM) and edge direction map (EDM) of a SAR image. Then, singlepixel wide edges in SAR images are extracted by embedding both the ESM and EDM into the route of the classic Canny detector [18] that is successful for optical images. It is noted that the construction of ratio test statistics is the core to the development of ratio-based edge detection methods, and anisotropic average directional ratio (AADR) test using rotated biwindow [9] - [12] is recognized to be an effective approach. Recently, some modern tools based on learning are also introduced into image edge detection by extensively training on benchmarks and mining deep features [19] , [20] .
In applications of edge detection such as agricultural scene segmentation, coastline detection, oil slick area detection, and road network detection, detection of edges of interest is severely interfered by isolated strong scattering cells or smallsize pixel clusters, which probably come from power poles, power lines, and isolated trees in agricultural areas, or perhaps boats, ships, and reefs near coastline or in oil slick regions, even cars on roads. In these circumstances, edge detection is desired to have the ability to filter out edges from details such as small objects or targets, isolated strong scattering cells, or small-size highlight pixel clusters, to relieve the burden on sequent tasks. For the example of agricultural scene segmentation in [3] , when the ESM with strong responses to isolated strong scattering cells is used to generate initial partitions, fragmented initial partitions lower the efficiency and quality of final scene segmentation. The sensitivity of ESM to strong isolated scattering cells roots in the average operations in computation of AADR test statistics. A potential solution is to remove the interference after using a prior object detection algorithm to determine corrupted regions like level set methods. However, these operations are too complicated and timeconsuming as the pre-processing. Thus, we consider from the reconstruction of biwindows, enlightened by the fact that in edge detection of optical images, the morphological operators or their variation and extension, such as the median filter and weighted median filter (WMF) [21] , [22] , are exploited to replace average or smooth operators so as to counteract isolated bright or dark pixels that are modelled into salt-andpepper noise and random-valued impulse noise [23] - [25] .
Median or weighted median filters are also valid tools for speckle reduction in SAR images [26] . Furthermore, smallsize objects or isolated scattering cells in SAR images possess similar characteristics of salt-and-pepper noise and impulse noise in optical images. Inspired by the anisotropic morphological directional derivative (AMDD) concept in [27] , the rotated biwindow configuration is combined with the WMFs to construct anisotropic morphological directional ratios (AMDR) for edge detection in SAR images, which is desired to be robust to strong isolated scattering cells and small-size highlight pixel clusters. Herein, the ratio instead of the derivative originates from the multiplicity of speckle in SAR images and CFAR demand. This substitution produces distinct and positive effects on the properties of the AMDRs for ideal step edges, which are worthy of detailed analysis, including spatial and directional waveforms of the AMDRs, the edge resolution, the accuracy of edge localization, as well as the ability to counteract strong scattering cells. Embedding the ESM and EDM computed from the AMDRs into the standard route of classic Canny detector [18] , a new SAR image edge detector robust to strong isolated scattering cells is obtained. It is found from results of different detectors that edge miss often appears around junctions of several borders. This phenomenon also occurs to the Canny-like edge detectors [28] - [30] in optical images. Thus, a simple postprocessing, edge remedy, is used to connect broken edges around junctions.
It is difficult to quantitatively evaluate an edge detector of SAR images because of the absence of the ground truths on edges in real SAR images and the fact that edge detection performance is highly affected by its parameter setting [31] , [32] . Generally speaking, synthetic SAR images of cartoon scenes with known edges are often taken to conduct the quantitative performance comparison. As for the absence of ground truth in real SAR images, we label their edges artificially by the automatic generation method of consensus ground truths [33] . Based on the synthetic and real SAR images with their ground truths, the receiver-operatingcharacteristics (ROC) curves of edge detectors are employed for quantitative assessment, which is a recognized fair assessment index for edge detection of optical images [34] . This paper is organized as follows. Section II proposes the AMDR test for SAR images and analyzes its properties for ideal step edges. Section III gives the AMDR-based edge detector robust to isolated strong scattering cells. Section IV includes experimental results on synthetic and real SAR images with a full evaluation of the AMDR-based detector. Finally, we conclude our paper in Section V.
II. ANISOTROPIC MORPHOLOGICAL DIRECTIONAL RATIO TEST
In this section, a brief review of the anisotropic average directional ratio (AADR) test using rotated biwindow configuration is first given and its defects are analyzed in edge detection and scene segmentation of SAR images. Then, the anisotropic morphological directional ratio (AMDR) using rotated biwindow configuration is proposed in order to repair these defects. Finally, the responses of the AMDR to ideal step edge are theoretically analyzed on its ability to resolve adjacent edges and counteract isolated strong scattering cells.
A. REVIEW OF AADR TEST USING ROTATED BIWINDOW CONFIGURATION
Let I (n) be a single-channel SAR image in the amplitude or intensity format. For fully developed speckle model where the scatterers in a resolution cell are many enough, SAR image can be expressed by the multiplicative model [7] , [8] 
(1) VOLUME 6, 2018 where n=[n x , n y ] T stands for the position of a pixel or resolution cell, S(n) is the reflectance of the scene, ε(n) is the speckle independent of the reflectance, a positive random variable with unit mean, and Z is the integer set. In segmentation of agricultural areas, coastline detection, and road network detection, scene reflectance can be modelled by simple cartoon model, i.e., a piecewise constant two-variable function. The borders between constant regions constitute edges of interest in SAR images. Edge information is very useful for edge-guided SAR image segmentation [3] , [17] , whereas edge detection in SAR images has to overcome difficulties from three aspects. Firstly, the multiplicative speckle model impedes direct extension of the mature edge detection methods from optical images to SAR images. Typically, the derivative-based detectors [18] , [23] - [25] in optical images are not constant false alarm rate (CFAR) with respect to speckle and apt to report more false edges within brighter homogeneous areas. Secondly, edge detection is performed in low signal-to-noise ratio (SNR). In edge detection, speckle is regarded as noise while scene reflectance is signal of interest. The SNR of a single-look SAR image is 0 dB in the intensity format and 5.63 dB in the amplitude format. Though the multilook processing can improve the SNR, it is at the cost of loss in image resolution. Thirdly, the cartoon model of scene reflectance is only an idealized model [9] - [15] . Scene reflectance can be approximated better by the cartoon model with strong isolated scattering cells, small-size clusters and texture structures. For example, the power poles or isolated trees in agricultural areas behave strong isolated scattering cells or small-size clusters randomly appearing in SAR images. It is these small structures that interfere us to extract the borders between homogeneous regions.
In order to realize CFAR edge detection in low SNR case, a succession of anisotropic average directional ratio (AADR) tests using rotated biwindows have been developed [9] - [12] , where the ratio test ensures CFAR edge detection in the multiplicative speckle model and cartoon model of scene reflectance. For edge detection in both optical images with additive noise and SAR images with multiplicative speckle noise, rotated biwindows are crucial to local intensity variation description and edge direction estimation of images. Concretely speaking, a small-size rotated biwindow is a better choice to describe local detailed intensity variation, whereas a large-size rotated biwindow is more suitable to counteract low SNR and estimate edge directions. In fact, the rotated biwindows can be regarded as the rotated versions in different directions generated from a prototype biwindow. A prototype biwindow consists of one right window function w R (x) and one left window function w L (x), where two-dimensional (2D) vector x ∈ R 2 . The two window functions satisfy the following properties [27] :
(i) w R (x) and w L (x) are nonnegative functions defined on the right-half plane and left-half plane respectively.
(ii) The two window functions are compact support or fast decaying.
(iii) The two window functions are double symmetric, i.e.,
(iv) The two window functions have unit integral, i.e.,
By rotating the prototype biwindow with angle θ and sampling it on the 2D integer grid, a set of rotated biwindows are obtained as follows:
Due to sampling on the integer grid, the sum of each window function in (4) fails to equal one but the rotated biwindows satisfy:
From the rotated biwindows, the anisotropic average directional ratios (AADR), edge strength map (ESM) and edge direction map (EDM) of a SAR image I (n) are defined by [9] - [12] ,
For real SAR images that probably mismatch the idealized cartoon model of scene reflectance, since the borders between homogeneous regions in real SAR images often have some width and distribute quite a few strong scattering cells, the prototype biwindow is generally required to have a spacing between the two window functions. Therefore, the prototype biwindows are designed in terms of the scale, shape and spacing. Below are four types of prototype biwindows. Early rectangle biwindow [9] consists of two separate rectangles specified by the length, width, and spacing. The ROEWA operator [10] uses the exponent-decaying window in horizontal and vertical directions and from which the vertical and horizontal ratio are computed by shifting the exponentdecaying window. It can be regarded to use an overlapped exponent-decaying biwindow and its version rotated π/2 to obtain ESM and EDM in terms of similar gradient manner. The Gaussian-Gamma-shaped (GGS) biwindow [11] is Gaussian function along the vertical direction and Gamma function along the horizontal direction and it is a direct extension of the rectangle biwindow. The biwindow in [12] is a modification of the GGS biwindow (RBED) where the Gaussian function in the window function is replaced by a flat bell-shaped function, a split Gaussian function at the middle filled by a constant function. Fig. 1 illustrates the four types of the FIGURE 1. Four types of biwindows: (a) Rectangle biwindow [9] ; (b) Exponent-decaying biwindow [10] ; (c) GGS biwindow [11] ; (d) Modified GGS biwindow [12] .
prototype biwindows. Fig. 2 demonstrates the ESMs of a SAR image of a shore region where some boats and ships behave isolated strong pixel or small-size clusters and a SAR image that regularly distributes mariculture nets with oxygen pumps at their centers extracted by the AADR-based detectors using the biwindows in Fig. 1 
(b), (c), and (d).
It can be seen that strong responses from returns of boats, ships and oxygen pumps, appear in all the three ESMs. These ESMs are extracted by AADR using different biwindows and thus the appearance of such strong responses is independent of the shape of biwindows. The reason behind it lies in the average operations in the AADRs. When AADR is applied in the process of ESM extraction, outliers from the strong scattering cells are mixed into the computation of average and change the value of AADR evidently. Therefore, the AADRs cannot ensure the robustness to a small number of strong scattering cells within windows. However, in SAR image scene segmentation, the strong responses from isolated strong cells and small-size clusters are unwanted due to the underlying computation cost and performance loss to sequent tasks. Therefore, the key to develop ESMs excluding unwanted responses is to substitute the average operations in the AADRs by outlier-robust operations.
B. ANISOTROPIC MORPHOLOGICAL DIRECTIONAL RATIO
Relative to average operation, the median filtering (MF) operators and weighted median filtering (WMF) operators [23] - [25] are developed to specially counteract isolated abnormal pixels in optical images such as salt-and-pepper noise and random-valued impulse noise. Also, the (weighted) median filter is proved to be usefully applied in SAR images for speckle reduction, edge detection between homogeneous regions with isolated high-frequency pixel clusters (for example, as a precursor to image segmentation) [26] . The weighted median filtering (WMF) operation on a set {v(n), n ∈ Z 2 } is defined as follows [35] 
where the symbol ''♦'' denotes the repetition operation, v(n) is a scalar, corresponding to the grayscale at the pixel n in an image, w I (n) is the corresponding integer weight of v(n), and ''median'' denotes the median operator. For positive noninteger weights w R+ (n), the weighted median can be obtained as follows: (i) Sort the samples inside the supported region in the ascending order by the grayscale;
(ii) Cumulate the corresponding weights of the sorted samples until the sum of the weights just exceeds half of the total sum of the weights w R+ (n).
(iii) Extract the sample corresponding to the last cumulated weight. This sample is just defined as the weighted median in general sense, which can be efficiently computed by the fast WMF algorithm [36] . Therefrom, the WMF operator is combined with the rotated biwindows to construct new ratio statistics, referred to as the anisotropic morphological directional ratios (AMDR)
FIGURE 2. ESMs of real SAR images from the AADRs using exponent-decaying biwindow [10] , GGS biwindow [11] , and modified GGS biwindow [12] .
The ability of the AMDR to counteract outliers mainly depends on the WMF operator in (7) . For a quantitative evaluation, assume that the window falls into a region of constant reflectance, then we find out that how many pixels are replaced by high bright abnormal pixels will change the output of the WMF operator. The critical number reflects the ability of the WMF operator to counteract outliers. (9) wherew(m) is the descending sequence of the weights {w(n), n ∈ }, and k is a positive integer not more than the number of the weights in the sequence, i.e. the AMDRs using large-size biwindows have stronger ability to counteract isolated strong scattering cells or small-size pixel clusters. For instance, the critical number of a rectangle window of size N is [N /2], where the symbol [·] is the integer part of a real number. The ability to counteract isolated strong scattering cells is only one of the demands of SAR image edge detection. Other demands can be imposed upon the AMDR responses of typical edge models. Below, we discuss the AMDR representation and spatial responses of ideal step edges, which is the primary type of edges in edge detection or image segmentation.
C. AMDR REPRESENTATION AND SPATIAL RESPONSE OF IDEAL STEP EDGE
In this subsection, the AMDR representation and spatial response are theoretically analyzed for the ideal step edge. Based on the representation and spatial response, the resolution of AMDR using different biwindows is given. For convenience in sequent derivation, the continuous expression of an ideal step edge in the 2D plane [18] is employed
where ϕ is the normal direction of the edge, r is the distance from the origin to the edge, x is an arbitrary point in the 2D plane, c 1 and c 2 are the grayscale values on the two sides of the edge, and the symbol sign(·) denotes the sign function. The ideal step edge in (10) splits the 2D plane into two half-planes with the two grayscale values as follows:
Sampling the continuous-form ideal step edge on the integer grid yields the discrete step edge E (12) Imitating (12) by using integral instead of the summation, the continuous-form WMF (CWMF) operator for the ideal step edge is introduced [27] ,
where
where d represents the distance of the point x from the edge.
For the left window in the prototype biwindow, the CWMF operator can be given in the similar manner. Thus, the continuous-form AMDR of the ideal step edge can be given by
The AMDR of the step edge can be interpreted as the samples of the continuous version (15) on the 2D integer grid. Therefore, what we want to know is the expression of (15), from which the directional representation and spatial response of step edge can be obtained.
Utilizing the properties of the prototype biwindow and an evident identity equality
The expression of (15) can be derived in terms of the route of theorem 4 in [27] as follows:
When the point x is on the edge, i.e., r − [cos ϕ, sin ϕ]x = 0, the AMDR representation of the edge with respect to direction angle θ is obtained as follows:
It is a step function with a period 2π, and the edge direction can be estimated therefrom. Different from the AADRs using biwindows in [9] - [12] , the AMDR representation of the ideal step edge is independent of the shape of the biwindow and the reason behind it is the nonlinear WMF operator.
In what follows, we consider the spatial responses of the ideal step edge. When θ is fixed, the point x moves along a straight line with the direction θ and the straight line can be parameterized into
where x 0 is a point on the step edge. In this way, the spatial response along the direction θ is a function of t and is expressed as
Thus, except θ = ϕ ± π/2 where the spatial responses are constant function of value one, the logarithm of the spatial responses is a square wave with unit height and width
The width of the square wave in the spatial responses of the ideal step edge is relevant to an important index of edge detection, edge resolution. It indicates the ability of an edge measure to separate two adjacent parallel step edges. For the AMDR in (17) , the edge resolution is determined by the width of the square wave in the logarithm of the spatial response (20) . Narrow square wave means high edge resolution and wide square wave implies low resolution. The edge resolution constant (ERC) in [27] keeps valid for the AMDR measure. The prototype window function determines the ERC of the AMDR in terms of
Note that ξ (r) is a monotonically increasing function from zero to one and the ERC is uniquely determined by the prototype window function. In what follows, we gives the ERC of the GGS biwindow that is used in our experiment. The GGS biwindow [11] is specified by the scale σ and α, β to control the width of windows and spacing of two windows.
Its ERC cannot be analytically given but satisfies the inequality
. (24) α,β (r) is a monotonically increasing function from zero to one when r ∈ (0, +∞). Moreover, for the GGS biwindow, when θ = ϕ, i.e., along the normal direction of the step edge, the width of the square wave in the spatial response in (17)
is just the median of Gamma distribution with shape and scale parameter α and β. It does not have the analytic expression but can be approximated well by [37] ,
For the spatial response in (20) , the width of the sequence wave in the exponent is given by
However, when θ − ϕ = 0, the widths of the square waves are difficult to have an approximate formula. Fig. 3 plots the width of the square waves as a function of γ = θ − ϕ for GGS biwindows with σ = 6.5π 1/2 , α = 2, β = 3 and α = 3, β = 2. It can be seen that the width of the square waves alters with in a small range and it is the smallest when γ = 0. Thus, for step edges of different directions, the width of the square waves can be approximated by that at γ = 0. From the above analysis, it can be seen that the ERC of the biwindow is mainly determined by the widths or equivalent widths of the prototype window functions. Moreover, in terms of (9), the robustness of the biwindows to isolated strong small-size clusters desire the prototype window functions to have large efficient supports. Thus, the robust biwindows with high edge resolution must have a prolate prototype window function. In fact, a prolate prototype window function incurs unwanted edge stretch [30] . As a result, the selection VOLUME 6, 2018 of the prototype window function is a tradeoff among several considerations.
III. AMDR-BASED EDGE DETECTION ROBUST TO ISOLATED STRONG SCATTERING CELLS AND SMALL-SIZE PIXEL CLUSTERS
Though avoiding the sensitivity of the AADR to outliers, the AMDR encounters some troubles: low edge localization and direction estimation precision due to flat-roofed spatial and directional responses. In order to solve these problems, first, the multiplicative spatial matched filtering is proposed to operate on the AMDR at each direction to sharpen the spatial response of edges, and by that flat-roofed spatial responses of edges are sharpened into peaked ones. Then, from sharpened AMDR, the ESM of an image is pixelwise estimated and the EDM is obtained by multiplicative directional matched filtering at each pixel. Thirdly, the ESM and EDM are embedded into the standard route of the ratio-based edge detection to extract edges. At last, a simple edge remedy operation is used to remedy broken edges near junctions of more than two regions.
A. ESM AND ESM EXTRACTION BY MULTIPLICATIVE SPATIAL AND DIRECTIONAL MATCHED FILTERING
For a SAR image I (n), the directional angle θ is uniformly sampled and the AMDR of the image is computed from the rotated biwindows b
Therefore, only half of directions requires to be computed. Selection of K is often a tradeoff between the direction estimation precision and computational burden, and we choose 16 directions in [0, 2π). For the flat-roofed spatial and directional responses of the AMDR to step edges, the AMDR cannot be used as the measure to directly find and localize edge pixels. For each directional angle θ k , for all the step edges with ϕ = θ ± π/2, the AMDR can be approximated by
Equation (31) is referred to as the discrete spatial matched filter (SMF) at the direction θ k . Note that E ϕ step (n) denotes the discrete step edge through the pixel n 0 . The AMDR is first sharpened by the multiplicative spatial matched filtering (MSMF)
The matched filtering is implemented by the multiplication of the displaced ratios within a discrete line segment, which sharpens square waves of ideal step edges into tent waves for better localization. Conceptually, this operation can be interpreted as the autocorrelation of the responses of ideal step edges in the multiplicative sense and all displaced responses of edges contribute to the filtering result. Fig. 4 demonstrates the effect of the MSMF on the ideal step edges. The MSMF can enhances the AMDR responses of step edges into the tent waveforms with precise edge localization as long as the normal direction of edges is not the same as that of the AMDR. For ideal step edges, the MSMF enhances and sharpens spatial responses. Moreover, it does not alter the waveforms of their AMDR representations. In terms of (18), the directional representation of the ideal step edge is written into
where n is a pixel on the edge, and A is a certain constant associated with the AMDR response. It can be seen that the exponent of the response is the circular shift of the periodic sequence
It is referred to as the directional matched filter (DMF). The normal direction α of the edge appears at the circular shift. Therefore, the EDM of the image is estimated by
The above process is equivalent to computing the circular convolution of the logarithm of the spatial matched filtered response at the pixel n and the DMF in (35) and finding its maximum point. It is referred to as the multiplicative directional matched filtering (MDMF). Furthermore, the ESM of the image can be computed by
In order to keep consistency with the ratio-based edge detection [9] - [12] , the ESM is transferred to the interval [0, 1] by
Fig . 5 illustrates the effect of the MDMF on a real SAR image. Fig. 5(a) is a 6-look SAR image of mariculture nets in the amplitude format, where the red point is a pixel under concern and the down-arrow indicates the normal direction of the edge. Fig. 5(b) is the waveform of the DMF corresponding to GGS biwindow with σ = 6.5π 1/2 , α = 3, and β = 1.5. Fig. 5(c) is the directional response of pixel after the MSMF and it can be seen that the directional response does not rigorously match the sampled version of the response in (18) because real edges often mismatch the step edge model. Fig. 5(d) is the result of the MDMF and the peak gives a precise estimate of the normal direction of the edge and the height of the peak reflects the strength of the edge. Embedding the obtained ESM and EDM into the route of the ratio-based edge detection [9] - [11] yields a SAR edge detector robust to isolated strong scattering cells and small-size clusters.
B. FLOWCHART OF AMDR-BASED EDGE DETECTOR WITH EDGE REMEDY
From the AMDR-based ESM and EDM robust to isolated strong scattering cells and small-size clusters, the edges of a SAR image can be detected by the non-maximum suppression, hysteresis thresholding, and an additional edge remedy. The full flowchart of edge detection is illustrated in Fig. 6 . The blocks before the non-maximum suppression have been described in details. Below are brief interpretation of the sequent blocks.
1) NON-MAXIMUM SUPPRESSION
This is a standard operation in the gradient-based and ratiobased edge detection [9] - [12] , [18] , [27] and by that thin ridges in the ESM of an image are extracted with the help of EDM. The non-maximum suppression operators on a 3×3 neighborhood. From the EDM of the center pixel n, the ESMs of two virtual pixels that are the intersection points of the boundary of the neighborhood and the straight line through the pixel n with the direction EDM(n) are computed by linearly interpolation of the ESM on the neighborhood. When the ESM of the center pixel surpasses the ESMs of the two virtual pixels, the center pixel indicates candidate pixels. Note that the non-maximum suppression ensures that the extracted edges are single-pixel wide discrete curves.
2) HYSTERESIS THRESHOLDING
It picks out strong edge pixels from the candidate pixels by a high threshold T H and the strong edge pixels form the skeletons of the edge map. Then, candidate edge pixels whose ESMs surpass a low threshold T L and can connect to some strong edge pixels using a path in the candidate pixel set are added into the edge map to improve the connectivity of edges. The high and low thresholds are determined by the histogram of the ESM of the image
where #A denotes the cardinality of a finite set A and n x n y is the size of the image. The two percentiles VOLUME 6, 2018 FIGURE 6. Flowchart of the AMDR-based edge detector robust to isolated strong scattering cells and small-size clusters in SAR images.
0 < α L < α H < 1 are two adjustable parameters of a detector. It can be empirically chosen in terms of characteristics of images.
Unlike in edge detection of optical images where edge remedy is an optional post-processing to improve the connectivity of edges [28] - [30] , edge remedy is necessary post-processing for SAR images because strong speckles in SAR images result in many broken edges and they severely interfere the interpretation of SAR images. Edge remedy aims at filling small gaps in a boundary of a homogenous region in a SAR image. Besides broken edges, gradient-based and ratio-based edge detection often encounters edge loss near a junction at which several adjacent homogeneous regions or several boundaries intersect. The reason is that the ideal step edge model fails to characterize complex grayscale variation patterns around a junction [30] . Therefore, a post-processing for edge remedy is given as follows.
3) EDGE REMEDY ALGORITHM
Let the output of the hysteresis thresholding be a binary image E(n) where the pixels of value one are edge pixels.
(i) Generate contours: In terms of eight-neighboring criterion, find all contours from the binary images, i.e., loop or open connected discrete curves of pixels of value one. (ii) Delete isolated pixels: contours whose length is not more than 3 are not of interest and are deleted from contour set. The ends of remaining open contours form a set .
(iii) Remedy broken contours and add junctions: For each end in the set , scan its circular disc of radius d r (=5 in experiments).
(A) When the end of only one other contour is found, it is regarded to be a broken contour and then we connect the two ends using the shortest path to remedy the broken contour. (B) When the circular disc contains the ends of more than two contours, it is considered that the circular disc contains a junction that fails to be found by the edge detector. In this case, the center of all the ends in the circular disc, whose coordinates are the average values of those of the ends, is taken as a junction. Connect each end with the junction using the shortest path. Additionally, if a circular disc contains more than three ends of other contours, no operation is executed for probable error connection due to the complicate and random case.
After the edge remedy, we input the edge map of the image for sequent tasks. In contour-based corner detection of optical images [28] - [30] , edge remedy is a commonly-used operation to avoid loss of corners. Though edge remedy is based upon ad-hoc criteria, it brings an obvious improvement of edge maps in quality, which originates from the fact that complex patterns in images are difficult to be characterized by simple models but their some features can be exploited to improve results.
IV. EXPERIMENTAL RESULTS AND PERFORMANCE ASSESSMENT A. EMPIRICAL ROC CURVE AND PARAMETER SETTING
Evaluation of SAR image edge detection is often a difficult task due to the absence of real SAR images with ground truths (GTs) of edges, dependence of performance on the parameter setting of a detector, and dependence of performance index on special application [31] , [32] . Here, synthetic SAR images with a cartoon scene and real SAR images with manually labeled ground truths by the automatic generation method of consensus ground truths [33] are used as test images. The ROC curves [34] are used for assessment to avoid the parameter dependence. In applications, edges of interest are mainly the boundaries of homogeneous regions in images, which is considered in the generation of GTs of test images. Just as the generally accepted setting on GT in [34] , our GTs of images also consist of edge regions where every pixel should be detected, non-edge regions where no edge should be detected, tolerance regions where a band area is set in the vicinity of edge pixels within a narrow pre-defined distance (usually within 3 pixels), and don't-care regions where disordered texture regions distribute or objects are not cared. The significance of labelling don't-care regions lies in that the disordered texture regions or objects without interest usually indicate meaningless or highly controversial for performance evaluation of edge detectors or even interfere the evaluation. For a detected result, if a detected edge pixel falls within a tolerance distance to an edge pixel in the GT, then it is counted as a true positive (TP). If a detected edge pixel falls into the non-edge region of the GT, then it is counted as a false positive (FP). Set that N TP be the TP number, N FP be the FP number, N E be the number of edge pixels in the GT, and N NE be the size of the non-edge region. The unmatched ratio 1-N TP /N E and false positive ratio N FP /N NE are used to assess detection performance. For an image and an edge detector, the detected result at each parameter setup corresponds to a test point on the plane of the false positive ratio versus the unmatched ratio. To remove the dependency of the evaluation on the parameter setup, it is taken values in an admissible set and the best test points are linked to form the empirical ROC curve of each detector [34] . The 'best' indicates that the unmatched ratio is the smallest when the false positive ratio is fixed. Hence, a detector whose ROC curve is the nearest to the left-bottom corner on the plane attains the best performance.
In the following experiments, the proposed AMDR-based edge detector using the GGS biwindow is compared with the ratio-based detectors using the rectangle biwindow [9] , GGS biwindow [11] , and modified GGS biwindow [12] .
The admissible parameter sets of individual detectors are the same as those in [11] , [12] . For the GGS biwindows, α is from the set {2, 3, 4}, β and σ takes values by 7, 9, 11, 13, 15, 17, 19} .
The four detectors use the hysteresis thresholding with high and low thresholds in terms of 
B. EVALUATION ON SIMULATED SAR IMAGES
In the first experiment, a 3-look amplitude synthetic SAR image with a cartoon scene [11] , [12] , as shown in Fig. 7(a) , is used for evaluation and its GT is given in Fig. 7(b) where different regions are labelled with corresponding colors. In order to testify the robustness of the proposed detector to isolated strong scattering cells, in each trial, different number of strong scattering cells or small-size clusters are added into the cartoon scene with random positions. Moreover, the clusters consist of connected pixels of four to nine with random shapes and the reflectance is ten times of that of adjacent pixels. The modified scene reflectance is used to generate SAR images in terms of the multiplicative speckle model. Fig. 7(c) gives an example of simulated SAR image with 10 simulated sporadic isolated strong scatterers labelled by red circles. Fig. 8 illustrates the ROC curves of the four detectors as the number of strong scattering cells is 0, 5, 10, and 15. From the ROC curves, the proposed AMDR-based detector is slightly poorer than the GGS-based detector and the modified GGS-based detector for SAR images without isolated strong scatterers or small-size clusters. It mainly lies in the performance loss from the inherent weaker ability of the WMF than average operators to estimate edge direction, especially in the vicinity of junctions. As isolated strong scat- tering cells or clusters increase, the AMDR-based detector increasingly becomes much better than the three AADRbased detectors. Fig. 8 (e) plots the empirical ROC curves of the GGS-based detector at the four cases. Its performance degrades with the increase of isolated strong scattering cells, which shows that it is not robust to isolated strong scattering cells or small-size clusters. Fig. 8(f) plots the empirical ROC curves of the AMDR-based detector at the four cases. The almost overlapped ROC curves show its super robustness to isolated strong scattering cells, which is owing to the novel AMDR measure.
C. EVALUATION ON REAL SAR IMAGES
In real SAR images, isolated strong scattering cells and small-size clusters appear in diverse modalities. It is crucial to validate the AMDR-based detector in real SAR images. We use two real SAR images in the amplitude format. One is a 1024×750 SAR image of 4-look, 2.5m×2m resolution, and farmland scene. There are some isolated trees and power poles in the scene, resulting in isolated strong scattering cells and bright small spots. The other is a 1200×1400 SAR image of 6-look, 5m×5m resolution, and a littoral scene. The scene includes some regularly distributed mariculture nets where the oxygen pumps at the centers of individual nets form isolated strong clusters of several pixels. The GTs of the two real SAR images are manually labelled in terms of the consensus criterion [33] by experienced researchers and graduate students engaging image processing. Fig. 9 (a) and (d) plot the two SAR images. Fig. 9 (b) and (e) are the manually labelled GTs. The black pixels are the edge pixels, i.e. apparent and meaningful edges voted by detectors or artificial recognition. The narrow white band areas on both sides of the edge pixels are the tolerance regions. The deep gray regions are the non-edge regions. Uncertain or highly controversial areas covered by disordered textures or dense small spots are labelled as don't-care regions by light gray color, such as the right-bottom regions in Fig. 9 (b) and the mud flats in Fig. 9 (e). It is hard to judge the detection results of these regions and the results are usually of no interest or significance. Fig. 9 (c) and (f) illustrate the empirical ROC curves of the four detectors. The empirical ROC curves of the AMDR-based detector locate on the left-bottom of those of the other three detectors. Therefore, the AMDR-based detector attains the best performance for the two real SAR images than the other three detectors. Fig. 10 plots the edge detection results of the four detectors for the SAR image of farmland scene where each detector uses the optimal parameter setting on its ROC curve that is labelled in Fig. 9 (c) by a square. On the whole, the result in Fig. 10(a) contains fewer short edges and small-size cluster of black pixels than the results in Fig. 10(b)-(d) , which is due to the robustness of the AMDR-based detector to isolated strong scattering cells and small-size bright or dark spots. Fig. 11 plots the edge detection results of the four detectors for the SAR image of a littoral scene where the parameter setting of each detector is labelled in Fig. 9 (f) by a square. For the SAR image, the oxygen pump inside each mariculture net that occupies only several pixels is a test in evaluation to robustness to isolated strong scattering cells or small-size bright or dark spots. As shown in Fig. 11(a) , no edge pixels inside mariculture nets are detected by the AMDR-based detector. In Fig. 11(b) and (c), many edge pixels are reported inside many mariculture nets and their shapes are different and relevant to the shapes of the biwindows. Therefore, the experiment shows that the AMDR-based detector is robust to strong scattering clusters of several pixels.
V. CONCLUSION
By combining the rotated biwindow configuration with the weighted median filter, the anisotropic morphological directional ratio (AMDR) was proposed to construct a SAR image edge detector robust to isolated strong scattering cells and small-size bright or dark spots. Due to intrinsic defects of the WMFs, as an edge measure, the AMDR has low edge localization precision and is insensitive to edge direction. To overcome the two defects, the multiplicative spatial and directional matched filters were developed to improve the AMDR measure to the AMDR-based ESM and EDM. By them, a new SAR image edge detector was established with the non-maximum suppression, hysteresis thresholding, and edge remedy. The synthetic and real SAR images were used to verify its robustness to isolated strong scattering cells and small-size bright or dark spots in the scene edge detection. Certainly, for the instinct of weighted median filter, the proposed detector is not apt to detect the edge of some meaningful small target or point of interest. In addition, the high implementation cost of the 2D WMF is a limitation of the AMDR-based detector. Thus, it is a meaningful issue to develop the fast software or hardware implementation of high-dimensional WMFs.
